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THE POSITION of the whole-blood 02 equilibrium curve (OEC) is usually represented by the partial pressure of 02 at which hemoglobin (Hb) is half-saturated (P&. Many physicochemical conditions within the red blood cell determine, in concert, its actual value. However, the principal effecters that vary under physiological conditions to regulate the Pm are 2,3-diphosphoglyceric acid (DPG), H', and CO2 (2, 4, 11) . Nomograms and equations have been developed to estimate Pso from known values of Pcoz, pH, and the [DPG]/ [Hb] molar ratio (13).
For two important reasons, we extended our work to a description of the entire OEC over a broad range of Po2. First, the allosteric effecters of 02 affinity, DPG, H+, and COZ react differently with deoxy-and oxyhemoglobin and, therefore, influence the shape in addition to the position (P& of the OEC. Second, the P50 is a somewhat artificial index for physiological considerations. Under normal conditions (37°C pH 7.4, PCO~ 40 Torr) we have found the mean P50 to be 26.7 t 1.7 Torr (23) , whereas in resting humans at sea level arterial PO:! is 90 Torr and mixed venous POT is 40 Torr, placing P50 outside the operating range. 524 Many previous systematic studies of the effects of the allosteric regulators of Hb-02 affinity have been done at low Hb concentration (8, (18) (19) (20) and therefore are complicated by tetramer-dimer dissociation (9). Such dissociation further affects the shape and position of the OEC, and, therefore, the data do not apply directly to the conditions within the red blood cell. Furthermore, the data that are available from studies on whole blood or concentrated Hb solutions (2, 4, 7) do not encompass ranges of [DPG] / [Hb] , pH, or PCO~ to allow a complete description of physiological functions.
In this report, we present a description of the entire OEC for PO:! O-150 Torr, pH 7.2-7.8, PCO~ 7-70 Torr, and
[DPG]/[Hb] 0.2-2.7 mol/mol. We have used a method for precisely measuring the OEC under controlled conditions (23) to obtain data for a wide range of pH, Pcoz, and [DPG]/ [Hb] molar ratio. The Adair equation (1) was used as a model to characterize the OEC, and the parameters al, a2, as, and a4 were obtained by methods we have previously described (24). The a's were then reduced to simple empirical functions of the three effectors so that an OEC can be reconstructed under any set of physiological conditions likely to be encountered.
METHODS
Blood samples. Heparinized blood from two healthy male nonsmoking donors was obtained by venipuncture. Concentrations of Hb, carboxyhemoglobin, and methemoglobin in whole blood were measured with the use of a Microblood analyzer, kindly loaned by Carlo Erba Strumentazione, Milan, Italy.
[DPG] was measured using kits obtained from Calbiochem. When no alterations of [DPG] were required blood was kept on ice at 4OC until use, no more than 4 h after collection. The two subjects were representative of a group of 38 normal individuals studied in a previously reported survey (23) using the same techniques.
Alteration of [DPG] andpH. To increase [DPG] , red blood cells were washed in isotonic saline and incubated at 37OC in isotonic media containing inosine, pyruvate, and phosphate at various ratios for 90 min (3) as described previously (14) . To decrease [DPG] , cells were incubated in isotonic saline at 37°C for various times up to 12 h, depending on the degree of depletion required.
DPG, AND
Pco:! AND BLOOD 02 EQUILIBRIUM CURVES Incubations were followed by recombination of washed red blood cells with their native plasma. To alter the pH of the final suspension, small quantities (up to 10 pi/ml) of either 4.45 M lactic acid or 10 M NaOH were added to the plasma. In these instances, plasma samples were equilibrated to the final Pcoz before red blood cells were added to avoid extremes of pH and consequent hemolysis.
OEC determinations. Samples of blood (2.5 ml) were deoxygenated in an IL 237 tonometer (Instrumentation Laboratories, Lexington, MA) for 20 min using Na containing 1, 5.6, or 10% COZ. Gases were obtained from Lif-0-Gen, Cambridge, MD, and compositions were specified to tO.Ol%. Blood OEC's were measured as previously described (23 and Pco~, and a nomogram was constructed to relate the variables. On the assumption that any discrepancy in P50 observed using the two methods was due to the 02 electrode calibration in the continuous method, all PO:! values were adjusted by the ratio Pso (P50 nomogram)/P50 (continuous OEC). In any case, the discrepancies were always small (<2 Torr) .
Experimental data. The Adair equation in its form for the present work is Y= alP + 2a2P" + 3a3P" + 4a4P4 4(1 + alP + a2P" + a3P" + a4P4)
( 1) where Y is the fractional saturation of Hb with 02 and P is the partial pressure of 02. This equation is a convenient representation of the entire OEC, since the four constants (a's) can be used to determine Y at any P.
The corrected data sets were transferred to a Decsystern-10 digital computer (Digital Equipment, Maynard, MA) for analysis of the Adair parameters as described previously (24). In this analysis, 100 experimental points were used for each OEC, and the a's were constrained to positive values. PsO was computed as a Newton-Rapheson solution of the Adair equation by finding P such that Y(P) = 0.5. The value n max was found from the slope of the function Y (P)/[l-Y (P)] on a log-log plot by finite differences. Table 1 lists the a's determined for all the OEC's analyzed, along with the PsO, nmax, and residual sum of squares for each determination. The correlation coefficient for the relationship between P50 using the continuous method and that predicted from the Pso nomogram was 0.99835. Since the nomogram is considered to be more precise in Po2, we assume that the major source of error is the Po2 measurement in the continuous method. Alth .ough this assumption has not been fully substantiated by experimentation, it will suffice for the purpose of th e present analysis.
The logarithms of the Adair constants are apparently a linear function of pH under all conditions investigated. Examples of these relationships are shown in Fig. 2 . The behavior of the a's as functions of [DPG]/[Hb] ratio at constant pH is not so simple as shown in Fig. 3 2) At each pH and G value, w, y, and x are functions of PCO~ only and can be related according to another second-order equation We have avoided the use of subscripted variables, for clarity, but it is understood that there is a different set of A, B, and C for each set of w, y, and z and for each two pH's and each of four a's, making 3 x 2 x 4 = 24 sets of A, B, and C in all. Saturation under all pertinent conditions is now specified by these 72 coefficients.
The values of all required A's, B's, and c's are given in Table 2 .
Simdation of the OEC. and Pco2 condition (Fig. Z) , the log a's at the selected pH are calculated by linear interpolation. 4) The ai's are substituted in Eq. 1 to compute Y at any P and, hence, to generate the entire OEC. 5) Evaluation of P at any Y can conveniently be accomplished using the Newton-Raphson method of successive approximation.
To obtain a solution for P to an error ~0. An example of a FORTRAN IV program for performing all of the above computations is available on request.
Error analysis. The use of the Adair model to fit the experimental OEC using our method of curve fitting has been discussed extensively (23, 24) . Winslow et al. (23) demonstrated that the deviation of the directly measured saturation from that estimated from the Adair parameters was 0.5% on the range of PO:! 5-100 Torr. This magnitude of discrepancy is routinely observed using the present methods, and we accept the Adair simulation as an accurate representation of the real OEC. The to.570 deviation is certainly within the limits of our ability to measure saturation using the present experimental tech- To estimate the magnitude of the discrepancy between the experimental OEC and that calculated using the present algorithms, simulations were made for each set of conditions for the OEC's listed in Table 1 . Then, at each 10% increment of saturation from 10 to 90%, saturations were computed using both observed and simulated a's. For example: 1) Find PObs at Yobs = 10% from an experimental OEC. 2) Using that pobs, find Ycalc using the equations. 3) Find an error, YObs -Ycalc. These errors were computed for all the OEC's, and the standard deviations were calculated for them. The result is shown in Fig. 4 , which illustrates that under all conditions encompassed by the experimental conditions, the saturation can be found from Po2 to a maximum standard deviation of -1.2 to +2.0% saturation. The analysis also shows that the error in saturation estimation is greatest at around 50%. P50 estimation. The procedures outlined above were used to calculate P50 for each of the 56 sets of conditions from the experimental OEC's and from the computer model. Figure 5 demonstrates that the correlation is excellent for all conditions studied.
OEC shape estimation. The strength of the present approach is that the shape of the OEC can now be estimated under a variety of physiological conditions. In Fig. 6 , we compare the behavior of n (at P& predicted from the present analysis with that actually found in a previous study (14) . The agreement demonstrates that the present method does, indeed, account for these changes.
DISCUSSION
In the past decade, the influences of the allosteric effecters of Hb function, H', C02, and DPG, have been well defined. Each of these molecules has different reactivities with the deoxy and oxy conformers of Hb, and they therefore have important effects on the shape as well as the position of the OEC. Before these effects were known, the shape of the OEC was considered to be invariant when its position was defined. The most frequently used equation for the OEC is that described by Hill (5) log Y = n log P + C
A major drawback of Eq. 5 is that the slope, n, is not constant over the full range of oxygenation. Ahhough the value at PSO may be about 2.6, it decreases to 1 at high and low saturation (18). Thus, when calculation of saturation from POT (or vice versa) is required, significant errors can occur at extremes of saturation. Some algorithms and nomograms for calculations based on the OEC use this simple representation, with the implicit assumption that the shape of the OEC does not vary with conditions. One of these is the blood gas calculator of Severinghaus (15, 16) . In his original paper describing the use of the calculator (15), he stated these assumptions but gave recognition to the fact that the behavior of the shape under different conditions was unknown.
We previously reported that DPG and H' have impor- 
